Introduction
============

Protein S-acylation is a post-translational lipid modification through which a fatty acid moiety is attached onto the cysteine residues.[@R1] Since protein-S-acylation is almost exclusively through the attachment of palmitic acid, a 16-carbon saturated fatty acid to the cysteine residues, protein S-acylation is generally referred as protein S-palmitoylation, or simply palmitoylation. Lipid modification equips the protein with a strong hydrophobic moiety serving as an anchor to facilitate interaction of the modified protein with cellular membranes.[@R2]^,^[@R3] In eukaryotes, the interaction between protein and membrane is directly involved in protein trafficking, sorting, subcellular domain partitioning, protein-protein interaction and cell signaling. Thus, by modulating the interaction between protein and membrane, lipid modification of proteins is likely to play a role in cellular function. Three types of protein lipid modification exist in eukaryotes including myristoylation, isopenylation/farnesylation and palmitoylation.[@R4] Among these, palmitoylation is the most common and the only one that is reversible.[@R5] Correspondingly, protein palmitoylation is considered as the prevalent lipid modification that can mediate a dynamic interaction between protein and cellular membrane and, thereby, subcellular trafficking and cell signaling (for a review, see ref. [@R6]).

Adipose tissue is an energy reservoir and an active endocrine organ. As an energy reservoir, adipose tissue actively transports glucose and fatty acids from blood for storage as lipids. Glucose transport into the adipocyte is mediated by insulin-responsive Glut4 membrane translocation and is essential for the regulation of blood glucose levels.[@R7] Both clinical and animal model studies have demonstrated that impaired Glut4 membrane translocation represents a primary defect of insulin action in type II diabetic individuals.[@R8] As an endocrine organ, adipose tissues secrete many different adipokines,[@R9] which modulate peripheral insulin sensitivity.[@R10]^,^[@R11] Adipose tissue also includes other cell types including preadipocytes, immune infiltrating cells and endothelial cells. Adipokines, such as leptin, and other paracrine secretory products, including IL-6, LIF, IFN-γ and PRL, actively contribute to the functionality of adipocytes, mainly by activating the JAK-STAT pathway, to mediate downstream effects via STA1, STAT3 or STAT5 (for a review, see ref. [@R12]).

Glut4 membrane translocation, adipokine signaling and lipid production in adipocytes all require protein trafficking and sorting, leading us to hypothesize that protein palmitoylation may play an essential role in these processes. At present, the knowledge regarding protein palmitoylation in adipocyte is very limited. To begin to explore the role of protein palmitoylation in adipocytes, we have performed a proteomic analysis of adipocyte S-acylated proteins in adipose tissue and 3T3-L1 adipocytes and isolated more than 800 putative palmitoylated proteins. Overall, our results argue that protein palmitoylation is involved in a wide range of adipocyte activities, including Glut4 membrane trafficking and JAK-STAT signaling, which modulates insulin signaling and adipocyte differentiation.[@R12]

Results
=======

Thiopropyl captivation (TPC) of S-acylated protein assay
--------------------------------------------------------

To analyze the palmitoylated proteins, we used the thiopropyl captivation (TPC) of S-acylated proteins derived from RAC assay.[@R13] This protocol is outlined in [Figure 1A](#F1){ref-type="fig"}. Briefly, total cell lysates or cellular fractions were first incubated with methylmethanethiosulfonate (MMTS) to block free cysteine residues. Next, the proteins were precipitated with acetone and resuspended into a binding buffer supplemented with hydroxylamine and thiopropyl sepharose. In this step, Hydroxylamine hydrolyzes thioester bonds to free cysteine residues from acylation, which is promptly captured by thiopropyl sepharose through formation of a disulfide bond between newly freed cysteine residues and thiopropyl group. Once the proteins were captured onto thiopropyl sepharose, the unbound proteins were removed and the bound proteins were released for further analysis (e.g., western blot or mass spectrometry).

![**Figure 1.** A thiopropyl capture S-acylation protein assay. (**A**) (1) The cell lysates, or factions, in a blocking buffer are incubated with MMTS (0.1%) to block free cysteine residues and precipitated with 70% acetone. (2--3) The precipitated proteins are resuspended into a binding buffer that consists of hydroxylamine (HyA) or NaCl (served as a control) and thiopropyl sepharose 6M and incubated for 2--4 h (a 10% of reaction mixture is removed as the input at this step). (4) The beads are washed to remove no-binding proteins. (5) The beads are treated with DTT to release the protein from thiopropyl sepharose 6M. (6) The purified proteins are ready for further analysis, i.e., western blot, proteosomics. SH, free cysteine; Pal-S, palmitoylated cysteine residue; S6B, Sepharose 6B. (**B**) Analysis of palmitoylation of ClipR-59 and DHHC17, respectively with the total cell lysates from HEK293 cells lysates expressing Flag-tagged, wild-type and palmitoylation-defective C2A2 ClipR-59, respectively. HyA, hydroxylamine; --, treated with NaCl; +, treated with hydroxylamine.](adip-2-17-g1){#F1}

To assess whether TPC assay is suitable to analyze palmitoylated proteins, we applied this assay to total lysates of HEK293 cells transiently transfected with FLAG-tagged wild-type ClipR-59, which has been shown to be modified by palmitoylation at two conserved cysteine residues at 534 and 535.[@R14] Palmitoylation-defective ClipR-59 cysteine-alanine mutant (C2A2-ClipR-59) of CLIPR-59 was used as a negative control. As shown in [Figure 1B](#F1){ref-type="fig"}, wild-type was captured by thiopropyl beads while C2A2-ClipR-59 mutant was not. Failure to capture C2A2-ClipR-59 was not because of the activity of Thiopropyl beads as DHHC17, an endogenous palmitoylated protein was captured in the lysates from the cells expressing either wild-type (lane 2, panel 3) or palmitoylation defective (lane 4, panel 3) ClipR-59. Taken together, we conclude that TPC is a reliable assay for analyzing palmitoylated proteins.

Identification of palmitoylated proteins in adipocytes and adipose tissue
-------------------------------------------------------------------------

After demonstrating that TPC assay is an effective method to isolate cellular palmitoylated proteins, we next assessed the status of protein palmitoylation in adipose, brain and muscle, respectively. Shown in [Figure 2A](#F2){ref-type="fig"}, each of these tissues showed palmitoylation of multiple proteins. Protein palmitoylation was initially described in brain,[@R15]^,^[@R16] which also showed the highest abundance of palmitoylated proteins. Compared with muscle, both brain and adipose tissue showed high palmitoylation of proteins, perhaps a reflection of the high lipid content of both brain and adipose. Moreover, palmitoylation of a set of proteins was specifically observed in adipose tissue (compare lanes 10 and 12, the bars on the right highlight the adipose tissue-specific palmitoylated proteins).

![**Figure 2.** Analyzing palmitoylated proteins from adipocytes and adipose tissue. (**A**) Palmitoylated proteins from mouse epididymal fat pad, brain and muscles. The total membrane proteins were extracted from indicated tissues and subjected to TCA assay. The isolated proteins were separated on SDS PAGE and stained with Coomassie Blue. All of tissues are from 2-month-old mice. HA, hydroxylamine; Pal-proteins, palmitoylated protein. Br, brain; Ms, skeletal muscle; Ad, adipose tissue; Pal-protein, potential palmitoylated proteins. (**B**) Thiopropyl Captivation assay of epididymal fat pad (ad) and 3T3-L1 adipocytes (3T3). (**C**) The distribution of isolated palmitoylated proteins identified by mass spectrometry from adipocytes and 3T3-L1 adipocytes.](adip-2-17-g2){#F2}

To examine the role of palmitoylation in adipocytes, we next isolated the total palmitoylated proteins from epididymal fat pads and 3T3-L1 adipocytes using the TPC assay. Isolated proteins were separated by SDS-PAGE and the different regions of gels were excised for mass-spectrometric (MS) analysis based on the range of molecular weights (MW) (indicated in [Fig. 2B](#F2){ref-type="fig"}, lane 2). Following MS, putative palmitoylated proteins were identified based on three criteria: (1) at least three unique peptides of the MS spectrum match the protein, (2) the identified protein falls within the correct MW range and (3) MS spectra identify the protein from both adipose tissue and 3T3-L1 adipocytes. Based on these criteria, a total of 856 putative palmitoylated proteins were identified ([**Table S1**](#SUP1){ref-type="supplementary-material"}). These include many known palmitoylated proteins including Flotillin,[@R17] huntingtin,[@R18] Ras,[@R19] G-proteins,[@R20]^-^[@R22] SNAP23,[@R23] CD151,[@R24] CD35,[@R25] NCAM,[@R26] sortilin,[@R27] PI4KIIα,[@R28] Tubulin[@R29] and membrane palmitoylated proteins 6 and 7, further indicating the effectiveness of TPC assay employed to isolate palmitoylated proteins.

The identified palmitoylated proteins are functionally highly diverse. Based on their established functions, about one-third are the metabolic enzymes of lipid metabolism and energy production; one-third are the factors that are involved in protein metabolism including protein translation and degradation, about 15% are the cytoskeletal, and membrane proteins and about one-tenth are the proteins involved in protein trafficking, including Rab GTPase, various transporter and vesicle trafficking factors ([Fig. 2C](#F2){ref-type="fig"}; [**Table S1**](#SUP1){ref-type="supplementary-material"}). Taken together, these data imply that protein palmitoylation is involved in a wide range of adipocyte functions.

Palmitoylated proteins in Glut4 vesicle trafficking
---------------------------------------------------

A list of palmitoylated proteins that have established roles in Glut4 membrane translocation is presented in [Figure 3A](#F3){ref-type="fig"}. Among these proteins, SNAP23,[@R23] sortilin,[@R27] PI4KIIα[@R28] and Flotillin[@R17] are known to be palmitoylated whereas, Glut4, IRAP, Munc18c, AS160, RAB14, KIF5B and Myo1c are novel targets for palmitoylation (for a review about the functions of these proteins in Glut4 membrane trafficking, see refs. [@R30] and [@R31]). Because Glut4 is the center of insulin-dependent Glut4 vesicle membrane trafficking and IRAP, Munc18c and AS160 play different regulatory roles in Glut4 membrane trafficking, we assessed their presence in Thiopropyl beads using western blots. As presented in [Figure 3B and C](#F3){ref-type="fig"}, we observed that each of these proteins were associated with Thiopropyl beads following hydroxylamine treatment, but not under control (NaCl) conditions in adipocytes and adipose tissue (top panels). These data suggest that IRAP, Munc18c and AS160 are most likely palmitoylated in both adipose tissue and 3T3-L1 adipocytes.

![**Figure 3.** The palmitoylated proteins in Glut4 membrane translocation. (**A**) A subset of proteins in Glut4 membrane translocation identified by Thiopropyl capture (TPC) assay and mass spectrometry (MS) in epididymal fat pad and 3T3-L1 adipocytes. The number of peptides and their corresponding sequences from MS were shown. (**B**) Western blot analysis of TPC assay of epididymal fat pad, 3T3-L1 adipocytes with anti-Glut4 (1) and anti-AS160 antibodies (3). The input levels of each protein is shown in panels 2 and 4. (**C**) Western blot analysis of TPC assay of epididymal fat pad, 3T3-L1 adipocytes, HEK293 cells and Fao cells with anti-IRAP (1) and anti-Munc18c antibodies (3). The input levels of each protein are shown in panels 2 and 4, with indicated antibodies.](adip-2-17-g3){#F3}

Glut4 is specifically expressed in adipocytes where Munc18c and IRPA are widely expressed. To determine whether Munc18C and IRAP are also palmitoylated in other cell or tissue types, total cellular lysates from HEK293 cells, hepatoma Fao cells and brain were subjected to TPC and western blot assays. We observed that both proteins were associated with Thiopropyl beads in HEK293 cells, rat hepatoma Fao cells and brain, indicating that these proteins are palmitoylated in a wide variety of cell types and tissues.

Glut4 and IRAP are major cargo proteins for Glut4 vesicles. To further validate that both proteins are palmitoylated, we next performed 17-octadecynoic acid metabolic labeling and Click Chemistry, an assay that labels cellular proteins in HEK293T cells that transiently express either Flag-tagged Glut4 or HA-tagged IRAP. As a control, the cells were labeled in parallel with palmitic acid. Shown in [Figure 4A](#F4){ref-type="fig"}, both Flag-tagged Glut4 (panel 1) and HA-tagged IRAP (panel 3) were detected in 17-ODCA labeled cells, but not in cells treated with palmitic acid (compare lanes 1 and 2, respectively), demonstrating that both Glut4 and IRAP can be palmitoylated in vivo.

![**Figure 4.** The status of Glut4 and IRAP palmitoylation under obesity. (**A**) Metabolic labeling and Click-Chemistry analysis HEK293T cells that transiently transfected with indicated expression vectors. Twenty-four hours post-transfection, the cells were metabolic labeled with either palmitic acid or 17-OCDA for overnight. The total cell lysates were prepared for Click Chemistry and western blot with indicated antibodies. (**B**) The adipose tissues from normal or obesity mice (8 week under high-calorie diet) were subjected to TPC assay. The isolated proteins were analyzed on western blot with anti-Glut4 (1) and anti-IRAP (3) antibodies, respectively. The input of each protein was presented in panels 2 and 4. (**C**) TPC assay of 3T3-L1 adipocytes that were cultured in with low glucose (2.5 mM) or high glucose (22.5 mM) overnight. Panels 1 and 3 are palmitoylated Glut4 and IRAP. Panels 2 and 4 are the 5% input of each protein.](adip-2-17-g4){#F4}

Glut4 membrane translocation is essential for regulation of blood glucose level. Impaired Glut4 membrane translocation is the primary cause of hyperglycemia, associated with obesity and type II diabetes. We were interested in knowing the palmitoylation status of Glut4 and IRAP in adipose tissue in obesity. Toward this goal, the palmitoylation status of Glut4 and IRAP in the adipose tissue from 4-month-old diet-induced obese mice was examined. Shown in [Figure 4B](#F4){ref-type="fig"}, the palmitoylation of both Glut4 and IRAP was increased (panels 1 and 3, compare lanes 2 and 4).

Next, we examined the palmitoylation status of Glut4 and IRAP in 3T3-L1 adipocytes that were cultured either in low glucose (2.5 mM) or high glucose (22.5 mM) medium. Presented in 4C, the level of Glut4 and IRAP palmitoylation was elevated when 3T3-L1 adipocytes were cultured in high glucose medium (compare lanes 2 and 4, panel 1 and 3, respectively). At present, the reasons and mechanisms resulting in glucose-dependent alteration of Glut4 and IRAP palmitoylation are not clear. Regardless, these results would argue that palmitoylation of these proteins might play a role in Glut4 membrane trafficking.

Palmitoylated proteins in signaling pathways
--------------------------------------------

A partial list of well-studied protein serine kinases and phosphatases that are involved in cell signaling are presented in [Figure 5A](#F5){ref-type="fig"}. These include Ser/Thr kinases AMPKα, integrin-linked kinase (ILK1), MAPK1 (ERK2), mTOR, PKA (regulatory subunit), Rsk90 and STK16, tyrosine kinases JAK1 and Yes1, protein phosphatases SHP2, PP2A (regulatory subunits) and PP1B. Among them, Ras[@R32] and STK16[@R33] are known to be palmitoylated. Since none of these proteins are adipocyte-specific, we selectively assessed the association of AMPKα and MAPK1 (p42ERK2) in membrane fraction using TPC assay. Shown in [Figure 5B](#F5){ref-type="fig"}, we observed that AMPKα and both ERK1 and 2 were captured by thiopropyl beads under Hydroxylamine treatment. In agreement with these results, both AMPKα and ERK are metabolically labeled in cells treated with 17-octadecynoic acid, strongly indicating that these proteins are palmitoylated.

![**Figure 5.** Palmitoylated protein kinases and phosphatases in signal transduction pathway. (**A**) A subset of kinases and phosphatases identified through Thiopropyl capture (TPC) assay and mass spectrometry (MS) in epididymal fat pad and 3T3-L1 adipocytes. The number of peptides and their corresponding sequences from MS were shown. (**B**) Western blot analysis of TPC assay of epididymal fat pad, 3T3-L1 adipocytes, HEK293 cells and Fao cells with anti AMPK1a (1) and anti-ERK (3). The input level of each protein is shown in panels 2 and 4, respectively. (**C**) Western blot analysis of AMPKα and MAPK1 in adipocyte subcellular fractions. (1) AMPKa in different fractions, (2) phospho-ERK and (3) total ERK in different fractions and (4) Glut4 in different fractions.](adip-2-17-g5){#F5}

Palmitoylation of AMPKα and MAPK1 suggests that both proteins would be associated with membranes. To examine this, PM (plasma membrane) and LDM (low-density microsome) fractions isolated from 3T3-L1 adipocytes treated with or without insulin, were probed with anti-AMPKα and MAPK1-specific antibodies by western blotting. Presented in [Figure 5C](#F5){ref-type="fig"}, both AMPK1α and ERK1/2 were found in PM and LDM, arguing that both proteins are associated with cellular membranes, which is consistent with the potential palmitoylation of these proteins.

Palmitoylation in JAK-STAT pathway
----------------------------------

Activated by a variety of cytokines and hormones, the JAK-STAT pathway has been implicated in adipocyte differentiation, body energy metabolism and the development of insulin resistance (for a review, see ref. [@R34]). Mass-spectrometric analysis indicated the potential palmitoylation of four proteins of the JAK-STAT pathway including JAK1, STAT1, STAT3 and STAT5A ([Fig. 6A](#F6){ref-type="fig"}). JAKs are a family of tyrosine kinases including JAK1, JAK2, JAK3 and Tyk2. Both JAK1 and JAK2 are expressed in adipocytes. Therefore, we first assessed the possibility that both JAK1 and JAK2 are palmitoylated in adipocytes. Shown in [Figure 6B](#F6){ref-type="fig"}, both JAK1 and JAK2 were captured by thiopropyl beads under hydroxylamine treatment (compare lanes 1 and 2 each top panel). In the same experiments, we also examined the association of STAT1, STAT3 and STAT5a with thiopropyl beads and found that each of the three STAT proteins were associated with thiopropyl beads under hydroxylamine treatment but not in control (NaCl) ([Fig. 6C](#F6){ref-type="fig"}, compare lanes 1 and 2 each top panel). Thus, these data argue that both JAKs and STATs are potentially palmitoylated in adipose cells.

![**Figure 6.** Palmitoylated proteins in JAK-STAT pathway. (**A**) JAK and STAT identified by Thiopropyl capture (TPC) assay and mass spectrometry (MS) in epididymal fat pad and 3T3-L1 adipocytes. The number of peptides and their corresponding sequences from MS were shown. (**B**) Western blot analysis of TPC assay of epididymal fat pad and 3T3-L1 adipocytes with individual anti-JAK antibodies. (**C**) Western blot analysis of TPC assay of epididymal fat pad and 3T3-L1 adipocytes with individual anti-JAK antibodies.](adip-2-17-g6){#F6}

Based on the palmitoylation prediction program ([www.csspalm.biocuckoo.org](http://www.csspalm.biocuckoo.org)), two cysteine residue positions, 541 and C542, in JAK1 that are predicted to be palmitoylated are conserved through JAK family kinases ([Fig. 7A](#F7){ref-type="fig"}). To determine whether Cys541 and 542 are indeed palmitoylated, we substituted these cysteine residues with serine in JAK1 (Cys541/542S JAK1) and examined the palmitoylation status of Cys541/542 JAK1 with TPC assay using transiently transfected HEK293T cells. As seen in [Figure 7B](#F7){ref-type="fig"}, cysteine to serine substitutions in JAK1 (C541/542S JAK1) were sufficient to completely abolish palmitoylation of JAK1 (compare lanes 2 and 4, top panel), clearly identifying cysteine residues at 541 and 542 in JAK1 are palmitoylated.

![**Figure 7.** Characterization of JAK palmitoylation. (**A**) The schematic presentation of JAK peptide that contains palmitoylated cysteine residues. (**B**) TPC assay of Flag-tagged, wild-type and palmitoylation defective JAK1 (C541/542S JAK1) transiently expressed in HEK293 cells. (1) Palmitoylated JAK1; (2) the input level of JAK1. (**C**) Immunostaining of COS-7 cells transient transfected with Flag-tagged, wild-type or C541/542S JAK1 with anti-Flag antibody following Cy3 conjugated goat anti-mouse IG antibodies. The blue is the cell nuclei stained with DAPI.](adip-2-17-g7){#F7}

JAKs are generally bound to the plasma membrane. The known localization of JAKs, along with the known role of palmitoylation in modulating protein-membrane interactions, prompted us to examine whether palmitoylation of Cys541/542 facilitates JAK1 membrane association. When expressed in COS-7 cells, wild-type JAK1 ([Fig. 7C](#F7){ref-type="fig"}) exhibited clear membrane association (top panel), but substitution of cysteine residues in JAK1 (C541/542SJAK1) markedly altered JAK1 membrane association (bottom panel). Taken all together, these data suggest that palmitoylation of JAK1 modulates JAK1 membrane association.

Discussion
==========

Protein palmitoylation has been implicated in a wide range of biological processes including protein trafficking, membrane signaling and membrane trafficking. Our interest in the role of posttranslational modifications, and their regulatory role in metabolic signaling, prompted us to inquire whether palmitoylation is a prominent modification of proteins expressed in adipocytes. These cells were chosen because of their obvious role in lipid storage and glucose homeostasis.

Toward this goal, we performed proteomic analysis of total palmitoylated proteins from both primary adipose tissue and from 3T3-L1 adipocytes. From these studies, we identified upwards of 800 putative palmitoylated proteins that are expressed in primary adipose tissue and cultured adipocytes. Among the palmitoylated proteins, we observed a high representation of various transporters, regulators of vesicular trafficking and signaling molecules that likely participate in a wide array of cellular processes including signaling, membrane translocation, cytoskeleton protein network, transport, secretory function, lipid, protein and energy metabolism. Taken together, palmitoylation appears to be involved in a wide array of adipocyte functions and significantly contribute toward glucose disposal and insulin action.

Given that a large number of palmitoylated proteins were isolated from adipose tissue, we focused on a distinct set of novel palmitoylated proteins that are related to glucose homeostasis and cell signaling. First, we verified that Glut4, IRAP, Munc18c and AS160 were represented in spectra obtained from TPC isolated palmitoylated proteins in both cultured adipocytes and adipose tissue. We have also validated palmitoylation of both Glut4 and IRAP using 17-OCDA metabolic labeling and Click Chemistry in adipose tissue. More importantly, palmitoylation of both proteins was found to be elevated in obesity. Insulin-dependent Glut4 membrane translocation constitutes a central mechanism for glucose uptake and disposal in both muscle and adipose tissue. Although Glut4 is the central player in the insulin-dependent vesicular uptake of glucose across the plasma membrane, IRAP is a major cargo protein in Glut4 containing insulin-responsive vesicles (GIRV). IRAP is not only involved in the sorting of GIRV, but also modulates GIRV trafficking.[@R31] Munc18c is a membrane t-SNARE-associated protein and modulates GIRV membrane docking and fusion.[@R35] AS160 is the major Akt substrate that modulates GIRV membrane docking.[@R36]^,^[@R37] Identification of these proteins as palmitoylated proteins strongly suggests that protein palmitoylation plays an essential role for insulin-dependent, Glut4-mediated vesicular uptake of glucose. While the specific mechanisms that induce these changes remain unknown, importance of protein palmitoylation is highlighted by its potential role in glucose transport and its modulation in adipose tissue of obese insulin-resistant mice.

In addition to proteins required for glucose transport, we assessed the palmitoylation of several kinases including, ERK1/2 and AMPKα. Cellular compartmentalization of ERK1/2 and other kinases is consistent with the palmitoylation of these kinases. For AMPK, palmitoyation may have a more specific and defined role. AMPK is a heterotrimer that consists of three subunits: α, β and γ, which are differentially distributed in cellular compartments.[@R38] Of the three subunits, AMPKβ is myristoylated, which, in turn, regulates membrane association and subsequent activation by upstream kinases.[@R39] Thus, myristoylation serves to prime the activation of AMPKβ. Palmitoylation of AMPKα implies that there are two distinct lipid modifications in AMPK complex. Therefore, it is tempting to speculate that palmitoylation of α and myrystoylation of β may together recruit AMPK to the plasma membrane. As an energy sensor, AMPK modulates lipid metabolism. It is noteworthy several AMPK substrates, including acetyl-CoA carboxylase α (ACACA, ACC) and malonyl-CoA decarboxylase (MLYCD, MCD), are membrane-associated enzymes,[@R40] and activation of AMPK leads to AMPK intracellular partitioning.[@R39] Thus, it is plausible that palmitoylation of AMPK modulates compartmentalization of AMPK signaling to differentially phosphorylate its substrates.

Finally, we also examined palmitoylation of JAK1 kinase and its downstream effector STAT proteins. Based on their association with thiopropyl beads, our results suggested palmitoylation of JAK1, JAK2, STAT1, STAT3 and STAT5. Furthermore, we mapped JAK1 palmitoylation to Cys541 and 542, which, in turn, regulated the membrane localization of JAK1.

It is well-established that upon simulation, JAK1 kinase undergoes autophosphorylation, which, in turn, recruits and phosphorylates STAT proteins thus enabling nuclear translocation and transcriptional activation of STAT proteins. JAK kinase-dependent phosphorylation of STAT proteins occurs on or proximal membrane and positioning JAK and STAT at the membrane is required for activation of JAK-STAT signal transduction pathway.[@R41] JAK is targeted to the cognate receptor and plasma membrane via the FERM domain.[@R41]^-^[@R44] JAK1 also requires an additional perhaps the SH2 domain for membrane recruitment. The localization of Cys541 and 542 to the SH2 domain in JAK1 would suggest that palmitoylation of SH2-like domain may constitute the second JAK1 membrane targeting signal. Since both JAK and STAT have been shown to be associated membrane microdomains,[@R45]^,^[@R46] it is highly probable that palmitoylation of JAK and STAT may be instrumental for this targeting event. JAK-STAT signal pathway is involved in a wide range of biological processes. In adipocytes, this pathway modulates adipocyte differentiation and energy metabolism.[@R34] Taken together, palmitoylation of the three sets of proteins discussed here, may regulate various aspects of adipocyte biology.

In this report, we mainly analyzed adipocyte protein palmitoylation in a qualitative way. It is noted that quantitative analysis of protein palmitoylation can also be achieved in TPC assay. Thiopropyl beads capture palmitoylation proteins quantitatively via formation of disulfide cross-linkage. In addition, unlike other modification studies, e.g, phosphorylation, the level of modified protein and that of total cellular protein are determined with different reagents i.e., anti-phospho and anti-non-phospho antibodies, the level of palmitoylated protein and that of total cellular protein are determined with same antibody in TPC assay. In this regard, it is possible to determine the relative level of palmitoylated form by comparing the ratio of thiopropyl bead captured protein and input. For example, in this report, we consistently found that the ratio of palmitoylated IRAP and total cellular IRAP is high, whereas, that of Mun18c is low (see [Fig. 4](#F4){ref-type="fig"}). This will indicate that the cellular level of palmitoylated IRAP is high, whereas, that of Munc18c is low. The reason for that is varied. But it could be that IRAP palmitoylation is more stable than that of Munc18c. Since palmitoylation is reversible, by which protein trafficking is regulated, the lower level of palmitoylation may reflect the notion that the modified protein is constantly shuttling.

To date, proteomic analysis of total protein palmitoylation has been performed in neurons,[@R47] T cells,[@R48] platelets,[@R49] macrophages[@R33] and prostate cancer cells.[@R50] Upon comparing the palmitoylated proteins isolated from adipocytes with those from other cells, we find that enzymes regulating lipid and energy metabolism are unique to the adipocyte, again underscoring an important, though poorly understood, role for palmitoylation in regulating adipocyte biology. A better understanding of palmitoylation in adipocyte biology is likely to have long-ranging implications for developing new strategies in the treatment of obesity and diabetes.

Materials and Methods
=====================

Reagents
--------

Hydroxylamine HCl (159417), 3-isobutyl-1-methylxanthine (IBMX) (I5879), dexamethasone (D4902), methylmethanethiosulfonate (MMTS) (64306), insulin (I6624), palmitic acid (P0500), anti-Flag (F3165), anti-DHHC17 (SAB2500508), HRP-conjugated anti-HA (H6533) and anti-munc18c (SAB1406498), anti-Glut4 antibodies (G4173), were from Sigma. Biotin-Azide (B10184) was from Invitrogen. Anti-AS160 antibody (ABS54) was from Millipore. All commonly used chemicals were from Thermo Scientific. Thiopropyl Sepharose 6B (17-0420-01) was from GE Healthcare Life Science. Anti-AMPK, anti-JAK (9945S), anti-STAT (9939S) and anti-Akt anti-phospho-Akt antibodies (8200S) were from Cell Signaling. *17-octadecynoic acid* (90270) is from Cayman.

Plasmid construction
--------------------

Mouse IRAP (MMM1013-9201983) and JAK1 (MMM1013-7513113) cDNA were purchased from Openbiosystems. Human Glut4 cDNA was the gift of Dr G.I. Bell of University of Iowa.[@R51] To generate the tagged peptide, the primers corresponding to each cDNA were amplified by PCR and cloned into pcDNA-Flag or pcDNA-HA expression vectors. The mutation of putative palmitoylation sites in JAK1 was generated through site-directed mutagenesis by PCR. The primers used are IRAP: forward: GGGGATCCATGGAGTCCTTTACC; reverse: GGGAGCTCTACAGCCACTGGGAG. Glut4: forward: GGGAATTC ATGCCGTCGGGCTTCC; reverse: GGTCTAGATCAGTCGTTCTCATCTG. JAK1: forward: GGGAATTCATGCAGTATCTAAATAT; reverse: GGTCTAGATTATTTTAAAAGTGCTTC. For site-directed mutagenesis, the primers used are: forward: CTTTGTGCTGAAACGATCCTCTCAGCCTAAGCCTCGAG; reverse: CTCGAGGCTTAGGCTGAGAGGATCGTTTC AGCACAAAG.

Cell culture and transient transfection
---------------------------------------

HEK293 cells were cultured in DMEM (11995073, Life Technologies) supplemented with 10% FBS (26140079, Life Technologies) and 1× antibiotic-antimycotic (15240112, Life Technologies). 3T3-L1 preadipocytes (CL-183, ATCC) were cultured in DMEM supplemented with 10% bovine serum and 1× antibiotic-antimycotic. The differentiation of 3T3-L1 adipocytes has been described. The transient transfections were performed with lipofectamine 2000 (11668019, Life Technologies) according to manufacturer's protocol.

Animals
-------

The normal (380056) and obese (380050) C57B/6 mice were purchased from Jackson Laboratory. The obese mice were fed a high calorie diet (60% kcal fat) for 8 weeks. The detailed information about these mice can be found at [www.jaxmice.jax.org/diomice/index.html](http://www.jaxmice.jax.org/diomice/index.html).

Isolation and characterization of palmitoylated proteins
--------------------------------------------------------

The procedure for isolation of total palmitoylated proteins were outlined in [Figure 1A](#F1){ref-type="fig"}. Briefly, total cell or tissue homogenates in cell lysates buffer (10 mM HEPES, 10 mM NaCl, pH 7.6) were spun at 500 g for 5 min to remove nuclei. Then, the supernatants were centrifuged at 175 kg for 60 min. The pellets (cell membranes including plasma membrane, high-density microsomes and low-density microsome) were resuspended into blocking buffer (100 mM HEPES, 1 mM EDTA, 2.5% SDS) supplemented with 0.1% MMTS and incubated at 42°C for 15 min. Then 2 vol of acetone was added into above reaction mixture and incubated at −20°C for 20 min. After washed with 70% cold acetone, the pellet was resuspended into capturing buffer (100 mM HEPES, 1 mM EDTA, 1.0% SDS). Then, water-swollen thiopropyl sepharose 6B was added. Then, the sample was divided into two equal parts. To one part, hydroxylamine Cl (pH = 7.5) was added to a final concentration of 0.2 M. To the other part, an equal amount of NaCl (control) was added. After 3 h incubation at room temperature, the beads were washed with capturing buffer. After washing, the beads were incubated with 50 mM DTT. Thirty minutes later, the beads were spun and supernatant was saved for SDS-PAGE (authors will provide more detailed protocol if requested). The mass spectrometry was performed in Harvard Taplin MS Core facility.

*17*-octadecynoic acid metabolic labeling and Click Chemistry
-------------------------------------------------------------

The 17-ODCA metabolic labeling and Click Chemistry was performed as described.[@R47] Briefly, HEKT 3T3 cells were transiently transfected with the expression vectors that express the tagged target peptides (Flag-Glut4, and HA-IRAP in this study). Twenty-four hours post-transfection, the cells were metabolically labeled with 50 uM of 17-ODCA or palmitic acid (served as a control) for overnight. Then, the total cell lysates were prepared for Click Chemistry. After the biotinylated proteins were purified via streptavidin-agarose (20347, Thomas Scientific), the purified proteins were analyzed on western blot with corresponding antibodies.

Western blot
------------

After the indicated treatments as described in the figure legends, cells were washed twice with PBS and lysed with cell lysis buffer (20 mM Tris pH 7.6, 150 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 10 mM, 1% Triton X-100 or 1% NP-40, 10% glycerol, protease and phosphatase inhibitors). Equal amounts of protein (20--30 ug) were subjected to SDS-PAGE electrophoresis and transferred to polyvinylidene fluoride membrane (Biorad). The membranes were incubated with each primary antibody, followed by incubation with a horseradish peroxidase-conjugated secondary antibody (Biorad). The protein bands were visualized using the ECL detection system (Pierces).

Subcellular fractionation assay
-------------------------------

3T3-L1 adipocytes with or without insulin treatment were suspended into HES I buffer (0.25 M sucrose, 20 mm Tris pH 7.6, 1 mM EDTA, plus a protease-inhibitor mixture). The cells were homogenized by passing a 23 gauge needle 10 times, and then the homogenates were centrifuged at 19 kg for 20 min. To isolate membrane fraction, the resultant pellets from the 19 kg centrifugation were layered on HES II buffer (1.12 M sucrose, 20 mM Tris, pH 7.6, 1 mM EDTA) and centrifuged at 100 kg for 60 min. The resulted pellets were designated as nuclear and mitochondria fraction. The plasma membrane layers were removed from the sucrose cushion and suspended into HES I buffer and centrifuged at 41 kg for 20 min. The resultant pellets were plasma membrane (PM). To isolate microsomes, the resultant supernatant from the 19 kg centrifugation was centrifuged at 175 kg for 75 min and the pellets were collected as low-density microsomes (LDM). The supernatant from the 175 kg centrifugation was saved and designated as cytosol.

Cell imaging
------------

Transfected COS-7 cells were fixed in 3.7% paraformaldehyde. The fixed cells were permeablized with 0.2% Triton X100 for 3 min. Then, the cells were incubated with indicated antibodies in 3% BSA for 1--2 h followed by Cy3 conjugated goat-anti-mouse IgG antibodies. The cells were mounted on glass-cover slides. The fluorescence imaging was captured with confocal microscopy (Olympus).

Supplementary Material
======================

###### 

Click here for additional data file.
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TPC

:   thiopropyl captivation

AS160

:   Akt substrate 160 kD

STAT

:   signal transducers and activators of transcription

IRAP

:   insulin responsive amino peptidase

SHP2

:   SH2-containing phosphatase 2

Munc18c

:   mammalian homolog of unc-18

PM

:   plasma membranes

LDM

:   low density microsome(s)

SNAP23

:   soluble NSF attachment protein 23 kD

NCAM

:   neural cell adhesion molecule/CD56

PI4K

:   phosphotidylinositol 4-kinases II

KIF5B

:   kinesin family member 5B
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